Ionic channels in synaptic vesicles: Are they involved in transmitter release? by Rahaminoff, R. et al.
Quarterly Journal of Experimental Physiology (1989), 74, 1019-1031
Printed in Great Britain
IONIC CHANNELS IN SYNAPTIC VESICLES: ARE THEY
INVOLVED IN TRANSMITTER RELEASE?
RAMI RAHAMIMOFF*t, SUSAN A. DERIEMERt§,
SIMONA GINSBURG*II, IGOR KAISERMAN*, BERT SAKMANNt¶,
ROY SHAPIRA*, HERBERT STADLERt AND NILLY YAKIR*t
* Department of Physiology, Hebrew University-Hadassah Medical School, Jerusalem, Israel, Department of
t Cell Physiology and + Neurochemistry, Max Planck Institute for Biophysical Chemistry, Gottingen, FRG,
§ Department of Biological Sciences, Columbia University, New York, NY, USA and 11 Open University,
Tel Aviv, Israel
SUMMARY
Synaptic vesicles were isolated from the nerve terminals of Torpedo electric organ. After fusion,
'giant' vesicles were formed which could be examined by the patch clamp technique. One of
the cationic channels, the P channel, shows a small preference for K+ compared to Na+ and has
multiple conductance levels. Its rate of opening is voltage and calcium dependent. Fractal
analysis of the P channels reveals that its behaviour does not seem to be fractal in nature. At
voltages where only one conductance level is observed, fractal analysis shows at least one
discrete open state and at least two discrete closed states. There are considerable similarities
between the P channel and channels found in granules from the hypophysis. These channels
resemble, in turn, the channels found in gap junctions. Therefore, it is not unwarranted to
speculate that a gap-junction-like communication between the secretory vesicle and the
extracellular space may occur during exocytosis.
INTRODUCTION
'The frog's sartorius muscle owes its place as a classical preparation for the study of muscle
activity and myoneural transmission to its well-suited structure' (Katz & Kuffler, 1941). We
venture to paraphrase their saying by suggesting that the frog's sartorius muscle owes its
place as a classic to Bernard Katz and his colleagues, who shaped and restructured our ideas
of synaptic transmission again and again for almost half a century (Eccles, Katz & Kuffler,
1941; Fatt & Katz, 1951, 1952; del Castillo & Katz, 1954a-c; Katz & Thesleff, 1957; Katz
& Miledi, 1965 a, b, 1972; Katz, 1969). Their work showed that the action potential
propagates to the terminal branches of the presynaptic nerve, where the depolarization
causes permeability changes to sodium, potassium and calcium ions. It is the entry of
calcium ions into the presynaptic nerve that induces the exocytotic quantal liberation of
transmitter. The transmitter in turns binds to the receptor channel at the postsynaptic
membrane causing its opening (first deduced by the noise analysis of ionic channels: Katz
& Miledi, 1972; Anderson & Stevens, 1973, and then demonstrated by the patch clamp
technique: Neher & Sakmann, 1976), which leads to the generation of the excitatory
synaptic potential.
Our growing understanding of the processes responsible for synaptic transmission in
general and transmitter release in particular, can be subdivided for convenience into four
historical stages, all of them intimately associated with major breakthroughs and
discoveries by Katz and his co-workers.
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Events
During the first stage the basic events of synaptic transmission were unravelled. It was
found that the electrical phenomena responsible for transmission are generated by a local
endplate potential (EPP) which decays electrotonically with distance along the muscle fibre.
If the potential reaches the threshold of the postsynaptic cell, a propagating action
potential is generated and thus synaptic transmission is completed (Eccles, Katz & Kuffler,
1941; Fatt & Katz, 1951; Molgo & Thesleff, 1982). Synaptic potential is due to transmitter
released from the presynaptic nerve terminal as quantal packets (Fatt & Katz, 1952). At
rest these packets are released at a low rate, but the arrival of the action potential at the
terminal causes an almost synchronous stochastic release of many transmitter quanta (del
Castillo & Katz, 1954b; Boyd & Martin, 1956) generating the EPP. The frequency
modulation of synaptic transmission is directly associated with a change in the number of
quanta liberated by a single nerve impulse (del Castillo & Katz, 1954c).
Ions
The second stage focused on the ions responsible for synaptic transmission. Quite early
it became clear that on the postsynaptic side permeability changes to sodium, potassium
and calcium ions take part in the generation of the synaptic response (Fatt & Katz, 1951;
Takeuchi & Takeuchi, 1960). At the presynaptic terminal the key role of divalent ions
gradually became evident. Thus, while extracellular calcium is extremely important in
quantal transmitter release (del Castillo & Stark, 1952; del Castillo & Katz, 1954a;
Jenkinson, 1957), extracellular magnesium is a strong inhibitor of this process (del Castillo
& Engbaek, 1954; del Castillo & Katz, 1954a; Jenkinson, 1957). These findings inspired
some of us to study the steep relation existing between transmitter release and calcium and
the effect of other divalent ions (Dodge & Rahamimoff, 1967; Dodge, Miledi &
Rahamimoff, 1969; Meiri & Rahamimoff, 1971, 1972).
Currents
The third stage in our understanding of the presynaptic component of synaptic
transmission centred around the transmembrane ionic currents. The experiments of Katz
& Miledi (1965a, b, 1967, 1969; Katz, 1969) led to the formulation of the calcium
hypothesis which still dominates our thinking on regulation of transmitter release. When
a sufficient depolarization is achieved there is an increase in the calcium permeability of the
plasma membrane and calcium ions flow into the nerve terminal along their electrochemical
gradient and induce quantal transmitter. The calcium hypothesis stimulated many workers
into studying the roles of intracellular and extracellular mechanisms governing the calcium
gradient across the presynaptic membrane (Alnaes & Rahamimoff, 1975; Erulkar, 1983;
Ginsburg & Rahamimoff, 1983; Augustine, Chandler & Smith, 1987). The control of
calcium permeability is furnished of course by the number of active channels and by the
membrane potential; the membrane potential itself is governed by sodium and potassium
currents which may be termed 'auxiliary currents'. During the last decade, these 'auxiliary
currents' gained a renewed prominence due to their ability to modulate the membrane
potential of the nerve terminal in physiological and pathophysiological states and thus
control transmitter release and synaptic transmission (Brigant & Mallart, 1982; Gundersen,
Katz & Miledi, 1982; Mallart, 1984, 1985; Konishi, 1985; David & Yaari, 1986; Hevron,
David, Arnon & Yaari, 1986; Dreyer & Penner, 1987).
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Molecules
We are probably now at the fourth stage of our comprehension of synaptic transmission:
the stage of the molecules. This era began with the revolutionary work of Katz & Miledi
(1972) on the postsynaptic side, which predicted single-channel activity using noise
analysis. The introduction of the patch clamp technique to synaptic physiology by Neher
& Sakmann (1976) and its elaboration (Hamill, Marty, Neher, Sakmann & Sigworth, 1981)
permitted direct measurement of the activity of single macromolecules at the postsynaptic
membrane, leading towards the comprehension of the events at the postsynaptic membrane
at the molecular level.
The presynaptic nerve terminal and the release processes are lagging far behind the
postsynaptic membrane in as far as the understanding of the molecular events involved. It
is the purpose of this article to summarize in brief the modest advances that have been made
in the past 2 years and to describe some of the properties of one of the channels found to
exist in the nerve ending.
The synaptic vesicle
Shortly after the quantal nature of synaptic transmission had been discovered (Fatt &
Katz, 1952; del Castillo & Katz, 1954b), it was proposed that the synaptic vesicle (Palade,
1954) was its morphological correlate (del Castillo & Katz, 1957). Although the 'vesicle
hypothesis' was not accepted as smoothly (see for example Tauc, 1977) as other major
hypotheses in which Bernard Katz was involved (the sodium hypothesis, Hodgkin & Katz,
1949; the quantal hypothesis and the calcium hypothesis that have already been
mentioned), the cumulative evidence strongly supports it (Heuser, 1976).
Hence it was considered to be of interest to find out whether these synaptic vesicles
possess ionic channels which may be involved in the process of transmitter release.
THE PREPARATION
Synaptic vesicles are too small to be studied directly by the patch clamp technique.
Therefore a large number of vesicles were fused together, using a procedure described in
detail by Rahamimoff, DeRiemer, Sakmann, Stadler & Yakir (1988). In brief, vesicles were
isolated from the electric organ of Torpedo marmorata or Torpedo occelata, by the method
of Tashiro & Stadler (1978). The fraction containing the purified synaptic vesicles was
pelleted; the pellet was suspended in a fusogenic medium containing dimethylsulphoxide,
polyethylene glycol (PEG) and the intravesicular medium (usually 0 4 M-potassium
glutamate, supplemented as necessary with NaCl, KCI or CaCl2). After 2 min incubation
at 37 °C, the mixture was diluted stepwise, and 1-4 h later 'giant vesicles' were observed
under a phase microscope. These vesicles had diameters up to 50,um, and gigaseals could
be easily formed between them and the microelectrode, using the 'cell'-attached version of
the patch clamp technique (Hamill et al. 1981). In this configuration there are three
compartments: the bath solution, the pipette solution and the interior of the vesicle. The
composition of the first two compartments is easily controllable, while the third
compartment has a composition very similar to the fusion medium (for details see
Rahamimoff et al. 1988).
At least three different types of ionic currents were observed in these patches after the
achievement of gigaseals. Two of them were cationic in nature and one was anionic. After
removal of chloride from the medium and its substitution with glutamate, the anionic
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Fig. 1. Activity of the P channel in giant fused synaptic vesicle from Torpedo electric organ. Patch pipette
containing 100 mM-potassium glutamate, I mM-KCl, 32 ,sM-CaCl2. Synaptic vesicles containing 400 mm-
potassium glutamate, dimethylsulphoxide and PEG diluted with 400 mM-potassium glutamate and 1 mM-KCl.
The results were recorded on videotape with a 10 kHz filter and were digitized with a 3 kHz filter. Sampling rate
1 kHz. VP = 5 mV. For distribution of the open times, see Figs 3 and 4. C, closed state, 0, open state.
channel was no longer observable. Among the two cationic channels, we chose to
concentrate first on the P channel, which showed some cationic selectivity and voltage
dependence.
THE P CHANNEL
Figure 1 shows a recording from a patch of a giant vesicle illustrating openings and closures
of the P channel. The following properties of this channel were found.
(1) The P channel prefers potassium over sodium (hence the name P channel, for
potassium preferring). The average selectivity ratio K: Na was found to be 2-8.
(2) The P channel has at least two conductance levels. The lower level (P1) has a
conductance which varies between 80 and 109 pS (with 0 4 M-potassium gluatamate in the
pipette). The ratio between the conductances of the higher (P2) and lower levels, P2/P1,
varies between 1-78 and 2-07 (Rahamimoff et al. 1988). The ratio P2/P1 is voltage
dependent.
(3) The rate of opening of the P channel is voltage dependent. This is illustrated in Fig.
2 where a voltage ramp between - 28-3 and + 28-8 mV was applied to the membrane patch
(top trace). The lower six traces show the current responses. One can clearly see that in the
depolarizing direction, the openings are more numerous. This is one of the components of
the current rectification observed in the P channel (N. Yakir & R. Rahamimoff,
unpublished).
(4) Figure 3 shows open-time and closed-time distributions of the P channel at a pipette
potential of + 5 mV. While the open-time distribution could be fitted reasonably well with
one exponential, the closed time cannot. It was also observed that the rate of opening is
calcium dependent.
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Fig. 2. Current responses to voltage ramps in giant synaptic vescicles. Upper trace shows the voltage change from
+28 8 to -28 3 mV. Lower traces show the current responses. The results were taken from the same patch as
in Fig. 1. They were digitized with a 3 kHz filter and the sampling rate was 5 kHz.
FRACTAL ANALYSIS OF THE P CHANNEL
The kinetic behaviour of many channels has been interpreted assuming that the channel
may fluctuate between a limited number of discrete states. The transition probabilities
among these states are assumed to be Markovian (Colquhoun & Hawkes, 1981, 1982).
Each transition probability is constant and independent of the time spent in the current
state and of any other event in the history of the channel.
In recent years, an alternative approach has been used in examining the behaviour of
ionic channels, known as fractal analysis. It is based on the assertion that proteins have a
large number of conformational states, separated by small energy barriers, rather than a
small number of discrete states. In a few cases, it was shown that such fractal kinetics are
consistent with the experimental data (Liebovitch, Fischbarg & Koniarek, 1986, 1987;
Liebovitch, Fischbarg, Koniarek, Todorova & Wang, 1987; Liebovitch & Sullivan, 1987).
The basis of the fractal analysis is the notion that in many physical systems, the measured
value is dependent on the scale. The classic example is the measurement of the coastline of
Britain which depends on the 'magnification' factor: the larger the magnification, the longer
the coastline (see Mandelbrot, 1977, 1980, 1982; Lovejoy, 1982; Barcellos, 1984; Lavenda,
1985; Lewis & Rees, 1985). For 'fractal' ion channels, the effective kinetic rate constant
(Ke,,), which is a function of the transition probability, will depend on the effective time
scale (tetf). In practice, the effective time constant is determined for both open- and closed-
state distributions, similar to those shown in Fig. 3. Then the procedure is repeated for a
series of time resolutions (bin sizes). The results of these estimates are plotted on a log-log
scale (log Keff vs. log tefr). For a small number of discrete states, a line (or several lines) for
each of them, ideally, parallel to the abscissa should be obtained, while for a fractal process
a linearly decreasing slope is expected.
We sampled single-channel recordings at four different membrane potentials (Vp). The
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Fig. 3. A, open-time histogram of 1147 channel openings at + 5 mV VP. The data were binned in 5 ms bins and
fitted with a single exponential with a time constant of 17-45 ms according to the equation:
y= 328-69 e-t/743
where y is the number of events and t is the time in milliseconds. B, closed-time histogram of 1015 channel
closures at + 5 mV V,. The data were binned in 2 ms bins and fitted with two exponentials with time constants
of 2-35 and 49-33 ms according to the equation:
y = 264-25 e-t/2 35 + 12-36e-t/49 33
where y is the number of events and t is the time in milliseconds.
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Fig. 4. A, fractal analysis of the open state at +5 mV VP. The data were fitted with a single exponential at different
effective time scales (bin sizes) and the kinetic rate constant (Keff) versus the effective time scale (teff) was plotted
on double logarithmic co-ordinates. B, fractal analysis of the closed state at +5 mV VP. The data were analysed
in the same way as A and plotted on a semilogarithmic scale.
sampling rate was 20 kHz with a 10 kHz low-pass filter. The open and closed durations
were measured from the single-channel records and were used to construct open-i and
closed-time histograms of different bin sizes ranging from 0 01 to 100 ms. The histograms,
similar to those shown in Fig. 3 for + 5 mV Vp, were constructed for four different values
of membrane potential, each containing between 1000 to 1 1000 events, and each was fitted
with a single exponential. The effective rate constant, Keff, was calculated from the fit and
plots of Ke,r vs. teff were made for the open and closed times. These plots are shown in Fig.
4 for the + 5 mV Vp. At +5 mV Vp one can see a single plateau for the open state and two
different plateaux for the closed state suggesting that the P channel is an ion channel
governed by Markovian kinetics which has at least two closed states and one open state
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SPECULATIONS ON THE FUNCTION OF CHANNELS IN SYNAPTIC VESICLES
The function of channels in synaptic vesicles is still unknown. It may well be of a
maintenance type, to control the vesicle ingredients for subsequent exocytosis. However, it
is tempting to speculate about a possible role of these channels in the transmitter release
process itself.
It is interesting to note that the presence of ionic channels in secretory vesicles was
predicted on theoretical grounds by Stanley & Ehrenstein (1985). They postulated that
calcium-activated potassium channels and anionic channels may cause swelling of the
synaptic vesicles and thus promote fusion and exocytosis. Subsequently they indeed
demonstrated the presence of an anionic channel in vesicles isolated from pituitary cells
(Stanley, Ehrenstein & Russell, 1986). However, their original hypothesis concerning the
release mechanism was modified in the light of the results of several experiments on mast
cells. Neher & Marty (1982) found that the exocytotic process is accompanied by a
capacitance increase (see also Fernandez, Neher & Gomperts, 1984). In the beige mouse
mast cells, the granules are large and produce an easily detectable electrical signal.
Zimmerberg, Curran, Cohen & Brodwick (1987) showed that contrary to expectation,
membrane fusion (reflected by the capacitance increase) precedes the swelling of the
granules.
Chandler & Heuser (1980) and Ornberg & Reese (1981) suggested on morphological
grounds that exocytosis is initiated by the formation of a fusion pore. Recently, this 'fusion
pore' was demonstrated by Breckenridge & Almers (1987a, b) in the same beige mouse
mast cell, with an initial pore conductance of 230 pS.
It appears therefore that ionic channels can be found in the synaptic vesicles of Torpedo
electric organ (De Riemer, Rahamimoff, Sakmann & Stadler, 1987; Rahamimoff et al.
1988), in beige mouse mast cells (Breckenridge & Almers, 1987 b) and in secretory granules
of the rat neurohypophysis (Stanley et al. 1987; Lemos, Ocorr & Nordmann, 1988). Could
it be that channels, with a large number of similar properties, participate in the actual
release process by forming the first direct communication between the interior of the vesicle
and the extracellular fluid? In this respect it is of interest to note the similarities (Lemos
et al. 1988) among the electric organ vesicle channel, the hypophysial granule channel and
the gap junction channel (Flagg-Newton, Simpson & Loewenstein, 1979; Obaid, Socolar &
Rose, 1983; Neyton & Trautmann, 1985; Veenstra & DeHaan, 1986; De Riemer et al.
1987; Loewenstein, 1987; Young, Cohn & Gilula, 1987; Lemos et al. 1988; Rahamimoff
et al. 1988). They all have a fairly large conductance, their selectivity between cations is low,
they are activated by calcium, regulated by voltage and act in a concerted fashion. This
hypothesis would suggest that both the vesicle and the surface membrane possess channels
(Fig. 5), and an appropriate binding can generate a fusion pore and lead to exocytosis.
It is too early to speculate which are the molecular components responsible for the
channel activity in synaptic vesicles (Buckley & Kelly, 1985). Among the proteins found to
be associated with secretory vesicles, synaptophysin (p38) seems to be of particular interest.
It is an integral membrane glycoprotein of molecular weight 38000, named synaptophysin
(from synapse and bubble or vesicle) by Wiedenmann & Franke (1985). This calcium-
binding protein is found in synaptic vesicles in the central nervous system (brain and spinal
cord), peripheral nervous system (retina and neuromuscular junction) and other secretory
cells (Gould, Lee, Wiedenmann, Moll, Chejfec & Franke, 1986; Navone, Jahn, Di Gioia,
Stukenbrok, Greengard & De Camilli, 1986; Rehm, Wiedenmann & Betz, 1986;
Wiedenmann, Franke, Kuhn, Moll & Gould, 1986; De Camilli, Vitadello, Canevini,
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Fig. 5. Hypothetical view of initiation of exocytosis by opposition of a vesicular channel with a surface
membrane channel.
Zanoni, Jahn & Gorio, 1988; Floor & Leeman, 1988; Floor, Schaeifer, Feist & Leeman,
1988; Obendorf, Schwarzenbrunner, Fischer-Colbrie, Laslop & Winkler, 1988; Schilling &
Gratzl, 1988). Its primary structure was revealed from the cyclic DNA sequence (Buckley,
Floor & Kelly, 1987; Sudhof, Lottspeich, Greengard, Mehl & Jahn, 1987) and it was
proposed that it spans the vesicle membrane four times, similar to gap junction proteins.
Recently it was reconstituted into planar lipid bilayers and found to display voltage-
sensitive channel activity (Thomas, Hartung, Langosch, Rehm, Bamberg, Franke & Betz,
1988).
More than a quarter of a century ago, Katz and his colleagues were searching for an
explanation of the spontaneously occurring quanta - the miniature endplate potentials
(MEPPs). They argued that the MEPPs cannot represent random collisions of the vesicles
with the surface membrane, since for free diffusion, the calculated collision rate was much
higher than the MEPP rate. The numbers became closer if an assumption was made that
the collision has to occur with specific sites on the vesicle membrane and the surface
membrane. Are the channels in the vesicles part of these specific sites?
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